Abstract-Los Alamos National Laboratory has developed a prototype of a high-energy neutron time-of-flight imaging system for the nondestructive evaluation of dense, massive, and/or high atomic number objects. High-energy neutrons provide the penetrating power, and thus the high dynamic range necessary to image internal features and defects of such objects. The addition of the time gating capability allows for scatter rejection when paired with a pulsed monoenergetic beam, or neutron energy selection when paired with a pulsed broadspectrum neutron source. The Time Gating to Reject Scatter and Select Energy system was tested at the Los Alamos Neutron Science Center's weapons nuclear research facility, a spallation neutron source, to provide proof of concept measurements and to characterize the instrument response. This paper will show results of several objects imaged during this run cycle. In addition, results from system performance metrics, such as the modulation transfer function and the detective quantum efficiency measured as a function of neutron energy, characterize the current system performance and inform the next generation of neutron imaging instrument.
Development and Characterization of a High-Energy
Neutron Time-of-Flight Imaging System I. INTRODUCTION R ADIOGRAPHY is useful for many nondestructive evaluation applications, such as identifying internal features and defects in objects, identifying regions of stress and strain in materials, and providing in-situ measurements of systems such as fuel cells and lithium batteries [1] , [2] . In addition, systems that measure neutrons and gamma rays, or neutrons of multiple known energies can exploit the energy or species dependent interaction cross sections of neutrons and/or gamma rays with matter. This type of measurement has applications for determining the chemical composition of materials, useful for detection of illicit materials such as drugs, special nuclear material, explosives in cargo scanning, and tumor identification in medical imaging [3] - [6] .
The unique goal of the Time Gating to Reject Scatter and Select Energy (TiGReSSE) system developed by Los Alamos National Laboratory (LANL) compared to other imaging systems is to image regions of large (∼m 3 ) dense (ρ > 15 g/cm 3 ), and layered objects using fast neutrons for stockpile stewardship applications [7] . High-resolution imaging of small, low density objects can be achieved with X-rays or thermal neutrons due to the large interaction cross sections at lower incident particle energies. However, for large and dense objects, X-ray and thermal neutron beams would be completely attenuated in short distances in the object, providing no contrast for internal features or defects. Fig. 1 shows that the total interaction cross section of low Z materials (e.g., hydrogen and carbon) decreases faster than for high Z materials (e.g., tungsten and uranium) for incident neutrons of energies greater than 20 MeV. For an object consisting of a dense core surrounded by a less dense exterior (see Fig. 2 ), internal features of the high Z core would be difficult to discern with low energy (<1 MeV) neutrons because of the comparable cross section of the low Z exterior. Although the interaction cross section of the high Z materials decreases with increasing neutron energy, the low Z material interactions decrease at a faster rate. Thus higher energy neutrons (> 20 MeV) can penetrate through the low Z exterior to image the high Z core with improved contrast.
Objects consisting of layers of low and high density materials (Fig. 2) produce additional imaging complications. Neutrons interacting in the low-density material can scatter into the "shadow" created by the dense object, decreasing the contrast and image quality. The addition of a timing system with a pulsed monoenergetic neutron source can reject this scatter. Neutrons lose energy through interactions in the object or surroundings, and thus scattered neutrons have a decreased kinetic energy. This decrease in kinetic energy corresponds to 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. a longer time of flight, meaning the neutron takes a longer time to travel the distance from the source to the detector than the direct, unscattered neutrons. By only imaging those neutrons with kinetic energies (and thus times of flights) corresponding to an unscattered beam, the neutrons scattered from surrounding materials (room return neutrons), or inelastically scattered from the object can be rejected, improving the quality of the image.
The time-of-flight system can also be paired with a pulsed broad spectrum neutron source [12] , [13] . While this configuration does not allow for scatter rejection, it does provide the capability for an object to be imaged at multiple neutron energies. These radiographic images provide information on the transmission of a neutron beam through an object as a function of energy, which can be used for material identification. Energy scans of resonance regions can provide additional material identification [14] , [15] (i.e., from the carbon resonance region shown from 2-10 MeV in Fig. 1 ).
The TiGReSSE system was designed to image large, dense, and layered objects with a pulsed high-energy monoenergetic neutron beam. Simulations of an ideal TiGReSSE system have been performed using monoenergetic neutron sources between 6 and 20 MeV to image a representative spent nuclear fuel cask. Fig. 3 shows the difference in contrast of the cask between the direct only and direct and scattered neutrons using simulations. Dependent on the material and incident neutron energy, up to 95% of neutrons in the image can be attributed to scatter [16] . Future measurements and simulations will focus on best case scatter rejection using the full capabilities of the TiGReSSE system to greatly improve the quality of the image. This paper will show the results of the TiGReSSE system paired with a pulsed broad-spectrum neutron beam with energy selection rather than scatter rejection. Due to the unique imaging application of the TiGReSSE system, instrument characterization is performed over a broader range of energies, Fig. 3 . Simulated radiographs of a spent nuclear fuel cask using 10 MeV direct neutrons (right) and direct plus scattered neutrons (left) [16] . and at energies much larger than are traditionally investigated (2-600 MeV). A penetrameter and a multimaterial test object provide a surrogate for imaging objects with small features and defects. Additional measurements of the modulation transfer function (MTF) are used to characterize the instrument performance to determine the optimal neutron energy for our imaging requirements, and to inform simulations and the next generation of instrument.
II. LOS ALAMOS NEUTRON SCIENCE CENTER
The TiGReSSE system was tested at the weapons nuclear research (WNR) facility at the Los Alamos Neutron Science Center (LANSCE) for proof of principle measurements. WNR provides a high-energy, broad spectrum neutron source, generated from the spallation of an 800 MeV pulsed proton beam incident on a tungsten target. This interaction produces neutrons in the range of 100 keV-600 MeV, as well as gamma rays [17] . The neutron fluence of the flight path and energy ranges in which the TiGReSSE system took measurements is given in Table I .
The proton beam, and therefore the neutron beam, has a micropulse and macropulse structure [ Fig. 4(a) ]. Gamma rays from each proton spallation event (micropulse) reach the detector first, followed by high energy and then low energy neutrons. The time it takes the neutron to travel from the target to the detector, called the time of flight, is dependent on the distance between the target and the detector, and the neutron energy, and is calculated with respect to the arrival of the gamma rays [ Fig. 4(b) ]. The desired neutron energy is converted to a time, and sent to the TiGReSSE system for acquisition.
III. INSTRUMENTATION
The TiGReSSE system is shown in Fig. 5 . Neutrons from the spallation source are incident on an object. Some of the neutrons are transmitted, and are then incident on a 200 ×200 ×5 mm Eljen-212 fast plastic scintillator. This scintillator converts the neutrons into scintillation photons, which are then directed toward a fast lens ( f # = 1.5) coupled to an electron multiplied, intensified CCD camera (emiCCD) from Princeton Instruments (PI-Max4). The two gain mechanisms of the camera provide system linearity, which is required for the system performance metrics investigated in Section V [18] . The CCD has 1024 × 1024 pixels and is cooled to −20°C to reduce the effects of dark current.
The camera acquires data according to the timing (and thus energy) signal sent to it from the user. The system has sub nanosecond timing capabilities, meaning narrow time (energy) windows can be selected for each micropulse. The CCD accumulations from many micropulses are combined into a frame, and sent via high-speed Ethernet cable to an external computer for processing.
The system is enclosed in a light-tight box to prevent ambient light contamination. To prevent direct neutron scatter on the CCD, which can degrade the image quality and damage the camera, the light-tight box was filled with lithiated polyethylene (∼30 cm in the direction of the beam), and shielded externally by steel (∼60 cm in the direction of the beam). Objects were placed at a distance of 75 cm from the scintillator to keep the magnification near a factor of 1, and to reduce the amount of direct scatter from the object onto the scintillator and the CCD. The final images are obtained by dividing the image by an image taken with no object present, called a "flatfield" correction. Flatfielding helps correct for the difference in neutron flux in different energy ranges, and turns the z-axis in the resulting image into transmission, where dark regions indicate little neutron transmission, and light regions indicate high neutron transmission [16] .
IV. IMAGING RESULTS
Several objects were imaged during the Fall 2015 run cycle at WNR. The first two objects imaged are 2.5 mm thick high density polyethylene (HDPE) Penetrameter [ Fig. 6(a) ], and the midscale test object (MTO), a cylinder of steel and volumes of nylon, tungsten, and polyethylene [ Fig. 6(b) ]. These objects were imaged extensively at 8-12 MeV, and 12-16 MeV, to simulate the monoenergetic neutrons from a boosted DD generator ( 2 H+ 2 H→ 3 He+n), and a DT ( 2 H+ 3 H→ 4 He+n) generator, respectively. Radiographs of the two objects at the two listed energies are shown in Fig. 7(a) , and lineouts, or transmission profiles, are shown in Fig. 7(b) and (c) .
The radiographs show that the system can resolve better than 2 mm diameter holes in HDPE for both 12.7 mm and 25.4 mm hole depths in the penetrameter. Two additional 2 mm diameter holes with 6.35 mm and 3.18 mm depth cannot be seen in these radiographs, showing the limitation of the current setup due to resolution and counting statistics. In the MTO, bulk material transitions between steel, polyethylene, tungsten, and nylon are clearly discernible. In addition, small features such as the interface between two steel pieces that form the top of the MTO, and the 3.8 mm diameter Viton O-ring is visible.
Another set of objects imaged during this run cycle were two samples of uranium hydride, one compacted with a maraging rod, and the other uncompacted [see Fig. 8(a) ]. After imaging of the penetrameter and MTO, we noticed an increase in the number of dead pixels created from neutron scatter directly on the CCD camera. At this point, a 15.25 cm inner diameter, 90 cm length steel collimator was added to the beam pipe to reduce scatter and damage to the camera. In the images of the uranium hydride samples, the outline of the collimator can be seen as circle surrounding the objects. An additional energy of 2-3 MeV was investigated to simulate the response to a DD generator, and the energy windows simulating the boosted DD and DT generators were narrowed. The radiographs of the uranium hydride samples at these energies are shown in Fig. 8 .
Profiles of the radiographs (Fig. 9) clearly show the material transition between the steel cylinder, the cavity or maraging rod, and the aluminum plate used to position the sample more clearly than can be seen by eye in Fig. 8 . In the uncompacted sample, the transition between the cavity and uranium hydride is clear. In the compacted sample, the transition between the maraging rod and the uranium hydride is clear for the 2-3 MeV lineout. The radiographs of these four objects indicate the TiGReSSE principle is suitable for neutron radiography.
V. PERFORMANCE CHARACTERIZATION
Measurement of the instrument response is important for informing simulations, and instrument optimization. The MTF characterizes the instrument resolution, describing how the modulation (contrast) is transferred from object to image as a function of spatial frequency. A common way to measure the MTF with a radiographic system is through use of a knife edge, a precision machined object that when placed in the neutron beam, provides a sharp contrast in transmission. The sharpness in the transition in the image between where the knife edge object is, and where the beam travels unattenuated, determines the resolution of the imaging system. For this high-energy neutron application, a 2.54 × 200 × 200 mm slab of tungsten, aligned with the 200 cm thickness along the beam axis (see Fig. 10 ) is used to significantly attenuate the neutron beam, and provide the knife edge. This knife edge was aligned to better than 0.1°using a rotation stage.
The MTF is obtained from knife edge measurements by using edge spread function (ESF). The ESF is a lineout across the flatfielded image [ Fig. 11(a)] . The MTF is then calculated from the Fourier transform of the derivative of the ESF
The MTFs derived from the ESF measurements are shown in Fig. 11(b) as a function of energy. The larger the MTF, the better the resolution at that frequency. The observed decrease in resolution with increasing neutron energy is due to the track length of the recoil proton in the scintillator. Recoil protons with higher kinetic energies can produce scintillation photons over a longer track length. This diffusion of the scintillation light blurs the resulting image. In a linear system, the contributions that degrade the MTF, such as the size of the proton beam on the tungsten target, the divergence of the neutron beam, the thickness of the scintillator, the recoil proton track length in the scintillator, and the finite size of the CCD camera elements, can be separated. With our system, we can separate the MTF into three basic regions
The MTF measured is the full MTF measured in Fig. 14(b) . The optical (lens and camera) MTF is derived from a backlit sinusoidal test pattern in place of the scintillator. The modulation of the test pattern is measured as a function of the frequency of the sinusoid, and the resulting MTF data points are fit with a functional form [19] to calculate the optical MTF in Fig. 12 . Comparison of the optical MTF with the measured MTF of Fig. 14(b) shows the limiting factor of the system is the recoil proton track length.
To further characterize the system performance, noise must be investigated. The noise power spectrum gives the measured noise of the system as a function of spatial frequency, and is calculated as the Fourier transform of a zero-mean detrended image [20] . When combined with the MTF, the detective quantum efficiency (DQE) can be calculated. The DQE is a measure of the signal to noise ratio of the output image, with respect to the input signal
where NPS is the noise power spectrum, and LAS is the large area signal, a normalization factor that takes into account the variance in neutron flux at different energies [18] . The results of the DQE calculation are shown in Fig. 13 . From the DQE, 100-200 MeV, and 50-70 MeV neutrons are more suited for imaging large (>0.05 lp/mm, low spatial frequency) details and features. For smaller details (<0.05 lp/mm) 2-3 and 9-11 MeV neutrons are best. However, these results are dependent on the width of the energy gates selected, as this influences the large area signal, the noise power spectrum, and the amount of scatter allowed during imaging. The signal of the 100-200 and 400-600 MeV data was low, and the noise was high, leading to a poorer DQE.
VI. FUTURE DIRECTIONS
As is seen from the MTFs of Fig. 14(b) , the resolution of the system becomes poorer as the incident neutron energy increases. To this end, a fiberoptic scintillator was investigated as an alternative to the monolithic scintillator to direct the scintillation light from the recoil proton and thus improve the system resolution. The fiber optic scintillator used is a 2.5 cm thick bundle of 260 μm diameter polystyrene fibers. Fig. 14 shows the improvement in image quality with the fiberoptic compared to the monolithic scintillator. An increase in light output of 50% and a decrease in resolution from 2.05 to 1.90 mm, (as measured with the full-width half-maximum of the rolled edge) was observed by replacing the monolithic scintillator by the fiberoptic scintillator with 9-11 MeV neutrons [21] . The results of the MTF measurements and the work with the fiber optic scintillator will be used to inform our simulations and the selection of a scintillator for the next generation of instrument.
VII. CONCLUSION
A system for imaging dense, thick, and layered objects has been developed and tested at Los Alamos National Laboratory. This system uses high-energy neutrons to penetrate such objects to provide high dynamic range imaging of internal features and defects. The timing capabilities of the system allow for scatter rejection when paired with a monoenergetic beam, or energy selection when paired with a broad spectrum beam. Performance of TiGReSSE system is presented from measurements taken at the LANSCE's pulsed broad spectrum neutron source to inform simulations and instrumental design. This neutron source allows for measurements of very high-energy neutrons (>50 MeV) which is necessary for the imaging constraints involved with stockpile stewardship applications. These measurements show the capability of the TiGReSSE system to resolve better than 2 mm features in objects, and clearly identify changes in material composition. The MTF of the system was measured and shown to be a function of the incident neutron energy, with increasing neutron energy producing a longer recoil proton track length in the scintillator, and thus a poorer resolution. Still with this system, the MTF shows between 0.1 and 0.2 distinguishable line pairs per mm, dependent on incident neutron energy. Preliminary attempts to mitigate this energy dependent resolution broadening were begun with the introduction of a fiberoptic scintillator, and will continue with other scintillator configurations and materials.
